Tobacco mosaic virus mutant Ni 2519 has a selected temperature-sensitive defect in the spreading of local lesions, and additional reported defects in virus assembly and in host range. Here we show that the temperaturesensitive local lesion-spreading defect (which maps in the assembly origin within the gene encoding protein p30) is probably independent of mutations in the pseudoassembly origin or of host range defects resulting from other mutations in the coat protein. One new host range mutant has been isolated.
Wild-type coat protein gene of tobacco mosaic virus mutant Ni 2519
David Zimmern,* Teo Chor Hiang'~ and Christine Harley,: MRC Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH, U.K. Tobacco mosaic virus mutant Ni 2519 has a selected temperature-sensitive defect in the spreading of local lesions, and additional reported defects in virus assembly and in host range. Here we show that the temperaturesensitive local lesion-spreading defect (which maps in the assembly origin within the gene encoding protein p30) is probably independent of mutations in the pseudoassembly origin or of host range defects resulting from other mutations in the coat protein. One new host range mutant has been isolated.
Genetic and immunofluorescence analysis has implicated the tobacco mosaic virus (TMV) p30 gene in cell-to-cell spreading of infectivity (Jockusch, 1966; Nishiguchi et al., 1978 Nishiguchi et al., , 1979 reviewed by van Loon, 1987) . Ni 2519, a mutant from the Tfibingen collection which is temperature-sensitive for the spreading of necrotic local lesions (Jockusch, 1966) , carries a point mutation at residue 5332 (close to the assembly origin in the p30 gene) which has been correlated by reversion analysis to the mutant's temperature sensitivity (Zimmern & Hunter, 1983) . However, Ni 2519 is also reported to have unselected defects in virus assembly (Bosch & Jockusch, 1972; Taliansky et al., 1982b) and in host range (Taliansky et al., 1982a) , which seriously complicates the interpretation of results since additional mutations could be responsible, although none have been found in previous searches. The pseudoassembly origin in the coat protein gene (Guilley et at., 1975) seemed to be the most likely location based on the available evidence for any additional mutation(s) related to the unselected assembly defect. But wheras peptide mapping of translation products revealed differences in p30, by similar methods Ni 2519 coat protein was found to be indistinguishable from the wild-type (Wittmann-Liebold et al., 1965) and neither RNA sequencing (our unpublished results) nor RNA fingerprinting (Kaplan et al., 1982) provided any evidence for mutations in the pseudoassembly origin of Ni 2519.
More recent work has shown that host range defects such as that reportedly carried by Ni 2519 also reside in the coat gene Knorr & Dawson, 1988; Mundry et al., 1989) . Since this implicated the coat gene t Present address : EMBL, Heidelberg, Germany. :~ Present address: Division of Virology, Department of Pathology at Addenbrooke's Hospital, University of Cambridge, Cambridge CB2 2QQ, U.K.
in the other unselected defect of Ni 2519, work was undertaken to complete the characterization of the coat gene in this mutant in order to establish whether this unselected defect might be caused by additional mutations. Accordingly, sequence analysis of Ni 2519-related RNAs was extended towards the 3' end of the molecule (residues 5458 to 6256) using similar methods and the same set of strains and mutants as before (Zimmern & Hunter, 1983) . A preliminary examination of four new mutants derived from those previously used was also made in order to shed more light on the host range phenotype. The results are shown in Fig. 1 .
Three reference TMV isolates were used: the Cambridge (or C) strain (Goelet et al., 1982) , U1 and A 14 (see legend to Fig. 1) . A 14 is the parental strain of both mutant Ni 2519 (Jockush, 1966) and a temperatureresistant revertant of Ni 2519 (denoted Ni 2519R) (Zimmern & Hunter, 1983) . Their phenotypes were checked as described in the legend to Table 1. All our previously described virus strains caused similar symptoms in Nicotiana sylvestris (Table 1) , with the possible exception of Ni 2519R where the somewhat lower average number of lesions may be a consequence of the lower passage number of the inoculum.
New mutants were selected and propagated as follows. Lesions on N. sylvestris that appeared in the absence of mutagen in the course of virus assays as described in Table 1 were cut out of the leaves as precisely as possible and stored frozen at :-70 °C. When required, they were ground in the sterile plastic screw cap ampoules used for storage using a round-ended glass rod in 250 lal of 40 mMsodium phosphate buffer pH 7"0 and inoculated onto the two lowest leaves of a single small (four-to six-leaf) Samsun tobacco plant per lesion using a minimal amount of carborundum and a cotton bud. These plants were harvested after 6 days in the growth chamber at 23 °C, and frozen at -20 °C. Subsequently one leaf from each 0001-1324 © 1993 SGM Short communication 
Map of mutations located in the section of TMV RNA between residues 5191 and 6256. Wild-type isolate derivations (C for Cambridge, U1 and A 14) were listed previously (Zimmern & Hunter, 1983) . $304 (this work) was isolated from a large necrotic local lesion on N. sylvestris derived from the temperature-resistant revertant of Ni 2519 (Ni 2519R) previously described. Mutations that alter the amino acid sequence are listed above the genetic map, third base mutations and mutations in non-translated regions of the genome are listed below the genetic map. All changes are referred to a notional consensus sequence. For example, if two isolates had U at a given residue and the third had C, U would be the consensus and C the point mutant. A is only partly replaced by C at position 5684 in strain Ul (see text). Mutant phenotypes are listed at the top. Oa, Assembly origin; ~Oa, pseudoassembly origin. * One drop of 30 gg/ml inoculum of each virus strain or mutant in 40 raM-sodium phosphate buffer pH 7.0 was rubbed onto opposite half leaves of N. sylvestris indicator plants in a Latin square design using sterile flat-tipped glass spatulas and no abrasive (Samuel & Bald, 1933) . (This concentration is approximately tenfold higher than that required to give equal or greater numbers of lesions on N. tabacum cv. Xanthi nc or Samsun NN.) The infected plants were grown at a constant 23 °C under continuous light (5000 lux) in a Fitotron 600 H growth chamber. Lesions were monitored daily and counted when no more appeared; in these experiments this was after 19 days. Plants were grown on if necessary to check for the appearance of systemic symptoms. Lesions that were counted were between 1 and 2.5 mm diameter. Inclusion of either the occasional larger lesions or the much greater number of smaller lesions visible only under a dissecting microscope did not significantly alter the relative proportions of lesions given by different viruses. plant was ground in 5 ml of 40 mM-sodium phosphate buffer and used for a local lesion assay on N. sylvestris as described in the legend to Table 1 , except that lesions were examined both before and after a 1 day temperature shift-up to 32 °C after 4 days growth (Jockusch, 1966) . The remainder of each plant was stored frozen at -70 °C.
Mutant viruses were extracted from entire single infected Samsun tobacco plants using a small-scale phosphate buffer extraction and polyethylene glycol precipitation procedure (Leberman, 1966) . The yield of virus from each plant was approx. 10 rag. RNA was extracted using phenol: chloroform and RNA sequencing reactions using reverse transcriptase (Anglian Biotechnology) and dideoxynucleoside triphosphates were run as previously described (Zimmern & Hunter, 1983) except that [~-ssS]dNTPs (Amersham) (Biggin et al., 1983) were substituted for the corresponding [~_3~p]_ triphosphates at a concentration of 1-5 ~tCi per 6 lal reaction. Nucleotide concentrations were 33 ~tM for all four deoxynucleoside triphosphates, 3.3 lai ddATP or ddTTP, 6"6 gM ddGTP or 2 ~M ddCTP. Oligodeoxynucleotide primers (15 to 20 residues chain length) were synthesized on an Applied Biosystems synthesizer.
The sequences summarized in Fig. 1 were determined using multiple overlapping extensions from priming sites averaging about 250 bases apart, so that although they represented only one strand, each base was read on average 2.5 times per strain (four times per strain in the pseudoassembly origin). A few ambiguities remained but some of these probably represent real population heterogeneities within the sequence. For example, a known heterogeneity in the Cambridge isolate (Goelet et al., 1982) is confirmed by the consistent appearance of an extra C band at residue 5587. The method of direct sequencing on RNA was adopted to screen for mutations present as a consensus of the population of RNA molecules, but it cannot readily distinguish sequence heterogeneities from other kinds of background bands. Its compensating advantage is that it enables a reasonable number of isolates to be compared relatively quickly.
In most cases where there were residual sequence ambiguities only one alternative was consistent with the published amino acid sequence or tryptic peptide composition of the coat protein. This left two ambiguities, at positions 5957 and 5972, that coincided with redundancies in the third position of the genetic code, and one base that could not be read at all because of a compression at position 6170.
No additional mutations unique to Ni 2519 were detected within the region sequenced and none of the detectable sequence differences between isolates correlate with the temperature-sensitive phenotype. Thus the known A to G change at residue 5332 in the p30 gene remains the only temperature-associated change found in Ni 2519 RNA (Zimmern & Hunter, 1983) . Since both the isolate-specific mutations found in the coat gene of Ni 2519 at residues 5738 and 6100 were also found in its temperature-resistant parental strain A 14 it is extremely unlikely that they are related to the mutant's temperature sensitivity. This result confirms and extends the results of Wittmann (1964) and Wittmann-Liebold et al. (1965) who found identical coat protein tryptic peptides in Ni 2519 and in its parental strain A 14 and those of Kaplan et al. (1982) who found no mutations detectable by fingerprinting in the Ni 2519 pseudoassembly origin.
Various single base changes were found between the three TMV reference isolates (Cambridge, U 1 and A 14), as might be expected given their independent passaging, and on earlier sequencing information. These are summarized in Fig. 1 . Most of them are clustered in the C-terminal third of the p30 gene and in the 3' untranslated region, which are known to be comparatively variable. In contrast to slightly more divergent TMV isolates (e.g. see Meshi et al., 1982) each of these three isolates differs from the consensus at only one position within Oa or, in the case of strain U1, at residue 5541 immediately 3' to the assembly origin.
Apart from clear-cut point mutations, in at least three cases minor bands consistently appeared alongside the wild-type sequence at or close to positions of known variability between isolates which may represent heterogeneities in the sequence (see above). Additional evidence, such as clonal isolation, would be required to prove that they were genuine variants. One example is shown in Fig. 1 at the C terminus of p30 in strain U1, where the Thr codon at 5683 to 5685 is apparently replaced by Asn (ACU to AAU) in about 50% of molecules, close to a known isolate difference (Ala to Thr at the immediately preceding codon in strain OM; Meshi et al., 1982) . This emphasizes that whereas the RNAs are all collinear there may be hypermutable sites within the genome where it is unsafe to assume that apparently identical isolates have identical sequences, for example when choosing priming or restriction sites, or target sequences for antibody synthesis. Both the other cases coincided at the protein level with sites of point mutation and have been omitted from the figure in order to simplify it.
Discounting partial replacements, Fig. 1 shows that there are 13 mutations in this 0'8 kb region of these three isolates, Ni 2519 and its revertant of which only five mutations change the amino acid sequence, including Ni 2519 and its back mutation in the revertant which were deliberately selected. Considering the large number of independent passages probably represented by these different isolates the RNA sequence appears remarkably stable.
Wild-type TMV strains give mosaic symptoms on N. sylvestris local lesions caused by spontaneous viral mutants superimposed upon them. When we checked the phenotype of the stock of Ni 2519 used for sequencing, we found that both the mutant and its parent A 14 caused similar symptoms on this host, with lesions at the same low frequency (Table 1) , consistent with the wildtype host range reported for A 14 (G. Melchers, unpublished, quoted by Sarkar, 1986 ). However, it has also been reported (Taliansky et al., 1982a) that Ni 2519 induced local lesions on N. sylvestris can be complemented by wild-type virus, suggesting a host range defect in Ni 2519. Since the N. sylvestris host range determinant is now known to reside in the coat protein Knorr & Dawson, 1988; Mundry et al., 1989) , our sequencing results, support the phenotype originally reported by the Tiibingen group whereas the observed complementation does not.
Since the methods we used are designed to derive a population consensus sequence, it appeared distinctly possible that a host range mutant might be present in our stocks as a minor species at or below the threshold of detection which might account for this discrepancy. We therefore tried to establish whether there was a predominant minor species associated with Ni 2519's reported defect in host range by using the local lesion assay itself to purify clones of the host range variants appearing spontaneously in our virus stocks, and to characterize them.
Twelve spontaneous N. sylvestris local lesions were picked, including examples from all three A 14-related viruses, and checked for a true breeding phenotype. Sequence analysis of the coat protein gene of four selected mutants after one cycle of systemic growth showed that three mutants were apparently wild-type, the sole exception being one mutant ($304) which gave an occasional systemic necrosis at high temperature. This was found to carry a point mutation in the C terminus of the coat protein (Fig. 1) , consistent with locations reported by others for N. sylvestris host range mutants Knorr & Dawson, 1988; Mundry et al., 1989) . In this case, the results of characterizing $304 and its parental isolates almost entirely rule out any connection between the temperature-sensitive defect of Ni 2519 and the host range defect of $304. This is because $304 was derived from Ni 2519 in two steps, in the first of which it lost its temperature sensitivity and in the second it acquired a new mutation in the coat protein which can account for its altered host range phenotype (see legend to Fig. 1 ).
Sequence analysis of $304 also showed, however, detectable levels of wild-type sequence contaminating the mutant, a clear indication that the local lesion passage had only partly purified the mutants, in contrast to Ni 2519, which was isolated on a more selective local lesion host (N. tabacum cv. Xanthi nc). This would be consistent with the known difficulties associated with establishing host range mutants from, or maintaining them in N. sylvestris. This host does not suppress the multiplication of wild-type virus, but merely localizes the spread of mutant strains (van Loon, 1987) . We concluded that if there was a complementable host range mutant present in our stocks as a minor species, a local lesion passage on N. sylvestris would tend to select for the complex of mutant and wild-type, rather than resolving the mixture as intended. The remaining mutants were therefore not investigated further. It was not clear whether they had been overgrown by wild-type virus or whether they carried mutations outside the sequenced part of the RNA. A third possibility, that there was a predominant variant that was repeatedly re-isolated, and therefore yielded identical patterns on sequencing gels beneath a wild-type background, could also not be ruled out. Deciding between these possibilities, and testing the genetic results more rigorously, would require different or additional methods to the ones used here.
The main conclusion that emerges from both these sets of results is that none of the differences found in any of these strains is correlated with temperature sensitivity, except for those previously reported in the assembly origin of Ni 2519 and its revertant. It follows that we can almost certainly rule out the possibility that the temperature-sensitive assembly of Ni 2519 depends on cis-acting mutations in and around the pseudoassembly origin. We could likewise find no evidence for a major species with a host range defect in Ni 2519 coat protein, whether temperature-sensitive or not. However, the results do not eliminate the possibility that Ni 2519 stocks carry variable but minor levels of N. sylvestris host range mutants.
The absence of mutations from the pseudoassembly origin is not necessarily incompatible with its reported role as a competitive inhibitor of productive Ni 2519 assembly at the true origin (Taliansky et al., 1982b) . The wild-type pseudoassembly origin is known to be capable of binding coat protein if the TMV RNA is fragmented (Guilley et al., 1975) . This suggests that it is potentially functional, but that binding to it in the full-length wildtype RNA molecule is non-productive or sterically hindered. It is more likely that the temperature-sensitive assembly of Ni 2519 is due either to a reduced efficiency of initiation at the true assembly origin caused by the known nearby mutation at position 5332, or to changes in the longer range RNA structure which alter the relative accessibility of the two origins, or both.
The basis for the genetic complementation with wildtype coat protein reported by Taliansky et al. (1982a) remains unclear. It is possible that our stock of Ni 2519 differs from that of Taliansky et al., which has undergone additional local lesion passages on Nicotiana glutinosa, or that the discrepancies in reported host range are due to complementation by (a) minor species not detected in our experiments but perhaps revealed by the inherent bias in the N. sylvestris assay already noted. Apart from this, the lack of correlation between temperature sensitivity in Ni 2519 and changes in the coat protein found here is consistent with much previous work. The original results of Jockusch (1966) also showed no correlation between temperature sensitivity and necrotic symptoms on the N. sylvestris-like host Nicotiona tabacum cv. Java. Our data are also consistent with several more recent findings, including the formal demonstration that in the tomato strain mutant Lsl, which resembles Ni 2519 in local lesion phenotype, the known point mutation in p30 was both necessary and sufficient for temperature sensitivity (Ohno et al., 1983; Meshi et al., 1987) , and with the patterns of complementation seen when viral mutants are grown in transgenic plants expressing integrated copies of either p30 or TMV coat protein (Deom et al., 1987; Powell et al., 1990) .
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